Introduction
Gamma Knife and linear accelerator radiosurgery are a common treatment for benign and malignant brain lesions. Although the Gamma Knife is a highly accurate instrument for delivering radiation to targets within the brain there are instances in which targets are unreachable by the device. For instance, if a lesion is in a far lateral region of the brain it may be inaccessible to the Gamma Knife. In addition, a patient with multiple brain metastases cannot be treated in a single Gamma Knife session if the lateral separation of two of the lesions is greater than 97 millimeters. In some instances a previously undetected metastasis that appears during imaging on the day of treatment may be unreachable because of the placement of the head frame. Lesions that are unreachable in the Gamma Knife have been reported for patients with metastases, meningiomas, and arteriovenous malformations (1, 2) . In certain instances lesions that are unreachable with the patient in the normal treatment position can be treated with the patient rotated to the lateral decubitus position (2). Extreme care must be employed in making the x and y coordinate transformations for this patient position. In addition, in the rotated position the range of possible antero-posterior locations is significantly diminished. The rotated technique does not help if the problem is caused by a collision of the frame or the patient's head with the collimator helmet, which can happen if the target lesion is situated in an inferior part of the brain. The system presented here has no geometrical restrictions with respect to the location of the lesion. A new design of the Gamma Knife, the Leksell Perfexion™, has recently been introduced. This new unit has greatly reduced geometrical constraints compared to conventional Model B/C Gamma Knifes. There are currently, however, many Model B/C Gamma Knife systems in use and the techniques described here are relevant for these devices. with a Leksell head frame on a linear accelerator using a conventional stereotactic radiosurgery system (SRS) with a floor stand (1). Recently, linac radiosurgery systems have been developed that use infrared optical tracking cameras for positioning the patient to insure that the intracranial target is positioned at the linac isocenter (3-6). One such system, called Radio-Cameras, is available from Varian Zmed (Varian Medical Systems, Inc., Palo Alto, CA, USA). This system is principally used for fractionated stereotactic radiotherapy, a treatment that is complementary to conventional stereotactic radiosurgery and is available at many institutions. We have developed a method for attaching the RadioCameras optical tracking fiducial array to a Leksell head frame. This method enables patient treatment on the linear accelerator radiosurgery system for lesions that cannot be reached on the Gamma Knife without an additional frame placement. Our system bears similarity to an optical tracking system that utilizes an array of infrared light emitting diodes attached to a Brown-Robert-Wells style head ring (7).
Methods and Materials
The attachments to the Leksell Model G headframe consist of two fixation pieces that clamp to the frame, one to the posterior indicator bar and one to the anterior bar. Precise positioning is ensured by alignment pins that insert into the bottom holes in the frame, which are accessible when the connection feet are removed. The posterior piece holds the screws, by which the frame is mounted to the SRS floor stand or the radiosurgery couch mount. The anterior fixation piece holds the reference fiducial array, which consists of six twelve millimeter spheres, four of which have a surface that reflects infrared light. The entire set up is shown in Figure 1 , attached to a head phantom as it would normally be attached to a patient.
To use this device a set of contiguous CT images must be obtained that encompass the patient's skull, its contents, and the fiducial array. A 1.25 millimeter slice spacing is used at our institution. The 3-dimensional image set can be displayed in transverse, sagittal, and coronal orientations. In this way, the geometrical relationship between the reference fiducial array and the patient anatomy can be determined. Figure 2 is a sagittal CT image showing the patient and a portion of the array. Most often an MR image set is obtained for stereotactic treatment planning. These images must be registered to the CT set. Image registration permits the planning to be done on the MR image set with the field isocenters determined in the same coordinate frame as that of the reference fiducials. Figure 3 shows a transverse image that is a blend of an MR image displaying the tumor and a CT image showing the skull and part of the fiducial array. Figure 3 also displays the reference isodose line (60% of maximum) that encompasses the tumor and the 50% isodose line. In this case, most but not the entire tumor was accessible by the Gamma Knife -the extreme lateral aspect could not be reached. For this reason the entire lesion was treated on the linear accelerator. An additional lesion, not visible on this scan slice, was treated on the Gamma Knife. Standard practice is to first treat all lesions that are accessible on the Gamma Knife because the device is dedicated to radiosurgery and is always available; whereas linear accelerator treatments must compete for time with conventional radiation treatments. In addition, the treatment times are usually shorter on the Gamma Knife. The Gamma Knife also has a greater mechanical precision than Optically Guided Radiosurgery 125 the linear accelerator system described here. After the treatment plan is finalized the CT images showing the fiducial array along with isocenter coordinates and couch rotation angles are transferred to the RadioCameras workstation.
Prior to patient treatment the RadioCameras system must be calibrated. This is a crucial step that must be done with care in order to insure the accuracy of the system. A calibration jig is provided by the manufacturer for this purpose. The calibration jig consists of four IR reflecting spheres and a metal pointer mounted on a rigid platform. When the pointer is matched to an isocenter pointer mounted on the linear accelerator gantry the RadioCameras workstation records the positions of the spheres and fixes the location of the isocenter in space. After proper calibration of the system the six spheres of the reference fiducial array are registered in the workstation. This is crucial step number two. After this step the computer will display the deviation (the X,Y,Z coordinates and three angles) between the accelerator isocenter and the target isocenter as determined by the radiosurgery treatment planning computer. The radiation therapist carries out the required translational and angular movements to minimize the deviations and, thereby, positions the patient so that the accelerator isocenter is coincident with the isocenter prescribed in the treatment plan. The treatment can then be executed.
Results
The accuracy of the RadioCameras system for phantom positioning has been described elsewhere (8). The results of Phillips et al. (8) indicate an accuracy of 0.64 mm and a precision of 0.77 mm. For our studies, we have used a phantom consisting of six aluminum rods, each with a 13 mm sphere at one end, as shown in Figure 4 . The central aluminum ball can be replaced by an 8 mm heavy metal ball centered at the same location. The phantom along with the fiducial array was imaged with our CT unit in the standard manner. The images were processed by our SRS planning computer and the coordinates of the centers of each sphere were determined.
The results were then transferred to the RadioCameras work station. The phantom was guided into place using the Radio-Cameras system with the heavy metal ball at the accelerator isocenter. Following the technique established by Winston and Lutz (9) , ten radiographic images were taken that indicated the displacement of the center of the target ball from the center of the field. These images were obtained for gantry angles from 50 to 350 degrees and couch angles from 90 to 270 degrees (Varian convention). A 7X magnification loupe with a reticule having 0.1 mm divisions was used to determine the deviation of the center of the ball shadow from the center of the X ray field image. Displacement measurements are presented in Table I . For ten exposures the average displacement was 0.5 mm with the maximum being 0.9 mm. These displacements are representative of the total system performance including imaging uncertainty, the uncertainty in the RadioCameras system, and the variation of the accelerator isocenter. The drift of the accelerator isocenter was determined to be 0.5 mm in the axial direction as the gantry rotated from the vertical to the horizontal position. Since our phantom required a CT image to establish the target locations we were not able to separately determine the uncertainties due to the CT imaging and the RadioCameras systems.
Another test of the Radiocameras' target placement accuracy is provided by each of the six spheres. Since the spheres are 
Figure 4:
Ball phantom attached to a Leksell Model G frame that also has the reference fiducial frame. The phantom has six aluminum rods with a 13 mm diameter aluminum sphere at the end of each rod. The end of the central rod can be replaced with an eight millimeter tungsten ball, which can be imaged by a 6 MV linear accelerator X-ray beam. The center of the tungsten ball is congruent with the center of the aluminum sphere. radiolucent at megavoltage photon energies their alignment with the radiation field had to be checked optically, i.e., with the accelerator light field. In this instance the RadioCameras were calibrated with the accelerator light field by replacing the pointer on the calibration jig with a ball centered at the pointer tip. The ball was aligned vertically and horizontally with the accelerator light field collimated with a diameter slightly larger than the diameter of the ball. This method of calibration is essentially equivalent to calibration with the mechanical pointer. We have verified the congruence between the light field and the X-ray field for the radiosurgery system's collimators on our linear accelerator to be within 0.2 mm. Each of the spheres was then aligned to the collimated light field. The RadioCameras monitor displayed the deviation from the location that the workstation calculated. These deviations, which represent the system's error, are shown in Table II . For the six spheres the average vector deviation was 0.8 mm with a maximum of 1.1 mm.
Conclusion
The results of the above tests indicate that the RadioCameras system is sufficiently accurate for many radiosurgical applications (10). Although the inaccuracies due to imaging are common to both systems the mechanical precision of the Gamma Knife is superior to that of this linear accelerator radiosurgery system. We, therefore, do not advocate the use of the Radio-Cameras in treatments requiring ultimate precision. Among these are treatments for trigeminal neuralgia and for lesions adjacent to the optic chiasm. Since we began using this device we have treated 438 patients on the Gamma Knife and treated 14 patients using the optical tracking device with the Leksell frame. Thirteen patients had metastatic disease and one patient had a meningioma. Ten of the patients with metastases were treated both with the Gamma Knife and with the linear accelerator on the same day. For combined linac/Gamma Knife treatments it is recommended that the isocenters be separated 5 cm or more to minimize dose contributions from one to the other, since each system has its unique planning system and a combined plan is not available. Alternatively one can calculate the dose contribution from one treatment plan to the lesions on the other and make dose adjustments accordingly. The RadioCameras system has proved to be a useful adjunct to Gamma Knife radiosurgery for patients having lesions in disparate locations or otherwise not reachable within the geometry of the Gamma Knife device.
Table I Displacement of image of the tungsten ball in the phantom from the center of the X-ray field for varying table and couch angles. The angles are in the Varian convention.
The average displacement is 0.5 mm.
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Gantry angle (degrees) 
